Thus far, femtosecond laser-induced periodic surface structures (LIPSS) on the surfaces of solid materials have been studied in air and liquids. However, few studies have investigated LIPSS formation on a solid surface through a solid transparent medium material. In the present study, LIPSS are formed on a silicon wafer surface covered with optical glass (glass environment) and compared with those formed in air. The periodicities of low and high spatial frequency LIPSS (LSFL and HSFL, respectively) formed in the two environments are 650 and 200 nm, respectively. In glass environment, LSFL can be induced by laser fluence of 410 mJ/cm 2 , which is much lower than that of 570 J/cm 2 used in air. Moreover, LIPSS formed in glass environment are rough, contradicting a previous report on LIPSS formation in liquid environments. The possible mechanisms forming the different structures in the two environments are discussed.
with silicon in water, alcohol, and air. They found that the threshold fluence of Si was reduced by the presence of liquids (water/alcohol) and that the ablation depths of craters were deepened in water environment. SEM images showed that LIPSS formed in liquid environments were smooth because liquids could remove ejections. Thus far, studies on LIPSS have mainly focused on the surfaces of solid materials in air or liquids [19, 20] ; in these studies, laser irradiation occurred at the air/solid or liquid/solid interface. However, to our knowledge, there are no investigations about laser irradiation at the transparent-solid/solid interface.
In the present study, we investigate periodic surface structures induced by femtosecond laser irradiation on a silicon wafer in air and glass environments. In the latter case, an optical glass sheet was used to cover the silicon wafer surface tightly to ensure that no air bubbles remained entrapped at the glass/silicon interface. The morphological characteristics of optical glass and silicon were investigated by field-emission scanning electron microscopy (FE-SEM, Hitachi, Japan), and atomic force microscopy (AFM, Bruker, USA).
Experimental section
In our experiments, we used a 300-µm-thick singlecrystal polished silicon (100) wafer and 1700-μm-thick optical glass sheet as the sample. The root-mean-square surface roughness (d RMS ) values of the optical glass and silicon wafer were ~0.26 nm and 0.29nm, respectively. Before the experiments, both the Si wafer and the optical glass were cleaned in an ultrasonic bath for 15 min in acetone and rinsed in alcohol. DOI: 10.2961/jlmn.2015.02.0015
The optical glass sheet and silicon wafer were put together tightly. Then, the sample was illuminated by infrared light and CCD was used to detect the transmission signal to observe if there were any air bubbles entrapped at the glass/silicon interface [21] . If there were, interference would be generated due to different optical path and formed the Newton ring. In this work, the transmission signal showed no obvious defects, revealed that no air bubbles were entrapped at the glass/silicon interface.
A Ti:sapphire oscillator amplifier (Coherent, USA) was used as the femtosecond laser source. The well-defined Gaussian-shaped output beam has a laser pulse wavelength of 800 nm with pulse duration of 35 fs. Its maximum pulse energy is 4 mJ and repetition rate is 1 kHz. The laser beam was adjusted using a combination of a half-wave plate and a linear polarizer and then focused on the sample surface through a lens with a focal length of 25 cm. The sample was mounted on a computer-controlled three-axis (X-Y-Z) stage (PI, USA). The fluences were estimated hereinafter by using the relation F=2E p /πω 0 2 =2E p /(πD 2 /4) , where E p is the average energy per pulse and D ≈ 25 μm is the Gaussian beam diameter at 1/e 2 at the surface of the sample measured with a CCD camera. Throughout the laser experiments, the fluence of silicon surface was F = 300-600 mJ/cm 2 , corresponding to E p = 0.7-1.4 μJ. This fluence was similar to the ablation threshold F th = 400-500 mJ/cm 2 and much higher than the melting or modification threshold F m = 260-350 mJ/cm 2 of crystalline Si for a single fs laser pulse at λ ~800 nm in air [22, 23] . Fig.1 shows a schematic diagram of the experimental setup. The focal planes in air and glass environments were adjusted along the optical axis (Z-axis) to z = 0 and z = 1.2 mm, respectively. Laser fluence of 570, 410, and 300 mJ/cm 2 and writing speed of 1 mm/s were used. The writing direction of the laser beam was parallel to the laser polarization direction. After laser irradiation, the optical glass covering the silicon wafer was removed. Then, the sample was treated in an ultrasonic bath for 5 min in both deionized water and acetone to clean the residual ejections of material off the surface.
Results and discussion
The pulse number of the laser in per unit area could be calculated using the equation N = 2r 0 ƒ/ν, where r 0 (μm) is the beam radius at the focal plane; ƒ (Hz), the frequency of the laser pulse; and ν (μm/s), the moving speed of the sample. So, in the case of our experiment, the pulse number of laser in per unit area was almost 25. Fig.2 shows FESEM images of the structures formed on the silicon wafer surface at different laser pulse energies in the two environments. In air environment, as shown in Fig.2 (a, b, and c) , for a laser fluence of 570 mJ/cm 2 , relatively uniform LIPSS with periodicity of 650 nm were formed [( Fig.2 (a) ]. However, some etched pits appeared in the center region mainly because the Gaussian laser beam used has relatively high energy in this region. At pulse energies of 410 and 300 mJ/cm 2 , similar LIPSS but with incomplete structures and reduced average depth were formed on the silicon wafer surface. In glass environment, as shown in Fig.2 (e) , for a laser pulse energy of 410 mJ/cm 2 , which was much lower than that in air environment, uniform LIPSS were formed. At laser fluence of 570 mJ/cm 2 , LIPSS were formed only in the periphery of the laser-treated areas whereas the silicon surface was damaged in the center region [ Fig.2 (d) ]. Fig.2 (f) and the magnified view in Fig.2 (g) show that HSFL with a periodicity of 300 nm were formed in the periphery of areas treated with a much smaller laser fluence. In two experiments, the orientations of two types of LIPSS were both perpendicular to the laser polarization direction. SEM images of areas treated with the same pulse energy showed that structures formed in the glass environment were rougher than those formed in air, which contradicted a previous report [20] that structures formed in liquids environments were smooth. This is mainly because the confinement of glass, most of the ejections will deposit on the silicon surface during laser experiment immediately. In contrast, ejections will be removed by airflow in air environment, and bubbles formed during laser treatment in liquid environment. Seen from the Fig. 2 , the ejection particles si- zes deposited on the silicon surface were almost in the range of 10-100 nm. Such ejections would not affect the subsequent laser pulse with the beam diameter of 25 μm. Fig.3 is the FESEM image of glass surface after laser treatment with the fluence of 410 mJ/cm 2 , which shows a few ejections deposited on the glass surface. Fig.4 shows AFM images and sectional view of the uniform LSFL treated by a femtosecond laser in both environments. From the sectional view, the average depth of the LSFL formed in glass environment with laser fluence of 410 mJ/cm 2 is 320 nm, which is approximately equal to the structure depth of 300 nm formed in air environment with laser fluence of 570 mJ/cm 2 . The modulation depth produced in glass environment is much deeper than the one previously reported [19] . The AFM images showed that LIPSS formed in glass environment were uniform mainly because glass can confine ejections to provide uniform conditions on the silicon surfaces during laser beam irradiation. In air and liquid environments, ejections or bubbles would distribute around the silicon wafer surface and subsequently interact with the incident laser beam. Then, scattering, absorption, and other processes would create nonuniform conditions on the silicon wafer surfaces, leading, finally, to the formation of nonuniform structures on the silicon surfaces. , where R is the reflection coefficient; n and k are the real and imaginary parts of the refractive index of the target, respectively; and n 0 is the refractive index of air. As reported previously [20] , a laser-treated silicon wafer in liquid environments could reduce the ablation threshold fluence owing to the different optical properties at the interfaces of transparent mediums and the silicon wafer. The reflection-induced energy loss in water and alcohol is 9% and 10% lower than that in air, respectively. In our experiments, the laser would be reflected at the air/glass and glass/silicon interfaces. Specifically, in air environment, the laser would be reflected at the air/glass interface; while in glass environment, the laser would be reflected at the air/glass and glass/silicon interfaces. At the air/glass interface, considering k = 0 for glass, R is calculated to be 4.3×10 -2 , and at medium/silicon interfaces, considering n and k for silicon (λ = 800 nm, 300 K) to be 3.42 and 0.004, respectively, R is calculated to be 3.00×10 -1 and 1.46×10 -1 for air and glass, respectively. Therefore, for the same incident laser fluence, the reflection-induced energy loss in ambient air is 11% higher than that in the glass environment. Therefore, more energy can be injected into the sample surfaces in glass environment.
Formation of sub-wavelength LIPSS on silicon could be well explained by the interference of laser light with SPPs [15] . Due to the experimental condition of F > F th , for crystal-Si (c-Si), the superimposed shots of fs laser pulse will form a thin amorphous-Si (a-Si) layer of a few tens of nanometers in thickness [22, 23] in which incident laser pulse will predominantly produces a high density of free electrons Ne; the optical properties of a-Si layer should be determined by abundant hot electrons rather than the cSi. Then, the SPPs can transiently be excited via the coherent coupling of the incident laser pulse with the randomly corrugated surface, where the a-Si layer including Ne works as a thin metal layer between glass and the c-Si substrate for the excitation of SPPs [24] . This excited material layer including Ne works as a thin metal layer and supports the formation of SPPs which in turn undergo interference with the laser light leading to the formation of subwavelength features [24] . SPPs can be excited when the familiar dispersion relation [24] , where λ 0 and λ s are the wavelength of incident laser and surface plasmons, 
Conclusions
The laser fluences of LIPSS formed in glass and air environments were 410 and 570 mJ/cm 2 . The lower laser fluence in glass environment was attributable to the decreased reflectivity at the glass/silicon and air/glass interfaces with the incident laser pulses energies. The modulation depth produced in glass environment is much deeper than the one previously reported. Moreover, laser writing speed used in experiments is 1mm/s, faster than many previously reported, indicated fewer laser pulses exit in per unit area. This work provides an efficient way to produced large uniform LIPSS on advanced electro-optic devices. The formation mechanism of LSFL in the two environments was explained by the SPPs models.
